
JOURNAL OF BACTERIOLOGY, June 1977, p. 1317-1325
Copyright © 1977 American Society for Microbiology

Vol. 130, No. 3
Printed in U.S.A.

Identification of Polypeptides Necessary for Chemotaxis in
Escherichia coli

M. SILVERMAN AND M. SIMON*

Department of Biology (B-022), University of California, San Diego, La Jolla, California 92093

Received for publication 18 January 1977

Molecular cloning techniques were used to construct Escherichia coli-X hy-
brids that contained many of the genes necessary for flagellar rotation and
chemotaxis. The properties of specific hybrids that carried the classical "cheA"
and "cheB" loci were examined by genetic complementation and by measuring
the capacity of the hybrids to direct the synthesis of specific polypeptides. The
results of these tests with lambda hybrids and with a series of deletion muta-
tions derived from the hybrids redefined the "cheA" and "cheB" regions. Six
genes were resolved: cheA, cheW, cheX, cheB, cheY, and cheZ. They directed
the synthesis of specific polypeptides with the following apparent molecular
weights: cheA, 76,000 and 66,000; cheW, 12,000; cheX, 28,000; cheB, 38,000; cheY,
8,000; and cheZ, 24,000. The presence of another gene, cheM, was inferred from
the protein synthesis experiments. The cheM gene directed the synthesis of
polypeptides with apparent molecular weights of 63,000, 61,000, and 60,000. The
synthesis of all of these polypeptides is regulated by the same mechanisms that
regulate the synthesis of flagellar-related structural components.

More than 25 genes necessary for bacterial
flagellar structure and function have been iden-
tified in Escherichia coli (5). To understand the
mechanisms involved in flagellar organelle as-
sembly, energy transduction to produce flagel-
lar rotation, and the integration of sensory in-
formation for chemotaxis, the products of these
genes will have to be identified. There are no
simple enzymatic activities that are known to
be associated with these products; their identi-
fication, therefore, depends upon cloning the
individual genes on appropriate molecular ve-
hicles and measuring the capacity of these hy-
brid deoxyribonucleic acid (DNA) molecules to
direct the synthesis of specific polypeptides. In
initial experiments, three hybrid E. coli X
phages carrying flagellar genes were isolated
(Fig. 1). Xflal carried the hag gene and was
shown to direct the synthesis of flagellin (13),
the major subunit ofthe flagellar filament. Two
other phages carrying flagellar genes were iso-
lated, Xfla2 and Xfla3. They carried the EcoRI
endonuclease-generated fragments of E. coli
DNA that included the mot and che genes. The
phenotype associated with the niotA and motB
genes is paralyzed flagella (1, 4), i.e., the flagel-
lar organelle is intact; however, it does not
rotate. The phenotype associated with the che
mutants (2) is that they are motile but do not
respond to changes in attractant or repellant
concentrations. che mutants in E. coli were
initially isolated by Armstrong and Adler (2)

and more recently by Parkinson (9). Many of
these mutations map on the E. coli genome in
the region between motB and flaG, at about
41.5 min (15). Genetic complementation tests
with che mutants initially resolved two genes
in this region. We will refer to these as the
classical chemotaxis genes "cheA" and "cheB."
Further genetic tests indicated extensive intra-
cistronic complementation within both genes in
E. coli (9). Collins and Stocker (3) mapped two
regions in Salmonella, cheI and chell, that
were homologous to the "cheA" and "cheB"
genes in E. coli. Warrick et al. (18) studied the
complementation behavior of chemotaxis mu-
tants in Salmonella that carried mutations
which mapped in these regions. They concluded
that there were at least five distinct che genes.
The availability of hybrid Xfla carrying the E.
coli genes provided an opportunity to reexam-
ine the che region in another way. Complemen-
tation tests between the phages and specific
mutants indicated that Xfla2 carried flaI,
motA, motB, and part of "cheA" (14). Xfla3
carried the other part of "cheA" "cheB", and the
flaG and flaH genes (16). Thus, an EcoRI endo-
nuclease site apparently existed in the middle
of "cheA," and one fragment was carried by
Xfla2 and the other fragment was on Xfla3. A
new hybrid was prepared which restored the
continuity of "cheA" by fusing the region on
XfZa2 which carried one part of the gene with
the region of Xfla3 that carried the other part of
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FIG. 1. Summary of the gene distributions on the bacterial genome and on various hybrid lambdas
deduced from genetic complementation tests. The top line indicates the bacterial genome, and the numbers
refer to positions on the E. coli map. The vertical arrows pointing up indicate the position of EcoRI
endonuclease sites. The second line shows the composition ofthe initial hybrid lambda phages. The heavy line
represents the region ofE. coli carried by the virus. The third line and the rest ofthe figure show schematically
how the other viruses used in this study were constructed.

the gene. When these phages were tested (15),
they were found to direct the synthesis of a

variety of polypeptides corresponding to the
mot and che genes. motA, motB, and cheA were
cotranscribed (the Mocha operon), starting
with motA. The presence of the intact "cheA"
gene led to the appearance of three new poly-
peptide products. The region adjacent to "cheA"
was also responsible for the synthesis ofa group
of three polypeptides, which were referred to as

the "triplet." Finally, the "cheB" region had the
capacity to direct the synthesis of a number of
polypeptides (16). All of these data suggested
that the che region in E. coli was complex,
containing more than two genes. To assign the
various products to specific genes, we charac-
terized deletions of the Xfla phages by comple-
mentation with a variety of Che- strains ob-
tained from J. Parkinson. By comparing the
genetic activity ofthe deleted phages with their
capacity to program polypeptide synthesis, it
was possible to resolve the classical "cheA" and

"cheB" region into seven genes and to identify
the polypeptides whose synthesis was directed
by each of these genes.

MATERIALS AND METHODS

Bacterial strains. A variety of strains from our

collection and from that of J. Adler and J. S. Parkin-
son were used. These strains were made lysogenic
for X and the lysogens were given new strain num-
bers. With Che- strains, it was necessary to intro-
duce F' gal to provide an attachment site for lyso-
genization by X. MS5015, MS5025, and MS5014 are X

lysogens of strains carrying the mutations fiaG161,
flaH616, and hag-726 (10). MS1513 and MS5039 are

lysogens ofmot-797 and mot-483 (1). All of the other
tester strains are Che- originally selected and de-
scribed by J. S. Parkinson (9). Some are Rec+,
whereas others carry a recA mutation.

Construction and properties of hybrid X. Hybrid
XfZa2 and Xfla3 were selected from a population of
hybrid X constructed by the method of Thomas et al.
(17). The central dispensable portion of the cloning
vehicle was replaced with EcoRI digestion frag-
ments from the F' element MSF1338, which carried

flaA,P(Q,R
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most of the genes necessary for flagellar formation
and function. Typically, XgtXc or MSF1338 DNA at
100 to 200 pLg/ml in 100 mM tris(hydroxymethyl)-
aminomethane (Tris)-hydrochloride (Sigma), pH
7.5, 50 mM NaCl, 10 mM MgCl2, and 0.1 mM
ethylenediaminetetraacetic acid was digested with
EcoRI endonuclease for 1 h at 37'C. The digestion
was terminated by heating at 65°C for 5 min. EcoRI-
digested DNA was diluted 1 to 5 in 10 mM Tris-
hydrochloride, pH 7.5, 100 mM NaCl and stored at
00C. Before ligation, EcoRI-digested XgtXc DNA was

mixed with at least a fivefold excess of donor
(MSF1338) DNA and heated at 650C for 5 min to melt
out endonuclease cleavage sites and allow for forma-
tion of hybrid structures. Samples were cooled to
0°C. Ligation was carried out for 5 h at 10°C with
DNA at a concentration of approximately 20 ug/ml
in ligation buffer (7) with T4 ligase (Miles). The
details of this procedure and the recovery ofX phage
by transfection have been reported elsewhere (13).
Three hybrids were recovered: Xflal, Xfla2, and

Xfla3. Hybrid Xflal carried the flaB, flaN, and hag
genes. Hybrid Xfla2 was found to complement motA
and motB defects and to give recombinants with one

CheA- tester strain, MS5034. Thus, Xfla2 carried
the motA and motB genes and at least part of the
cheA gene (14). Hybrid X17a3 gave recombinants
with one CheA- tester strain, MS5033, and comple-
mented CheB- defects in two CheB- tester strains,
MS5031 and MS5032. It also complemented defects
in flaG and flaH tester strains. Thus, Xfla3 carried
part of the cheA gene and all of the cheB, tlaG, and
flaH genes. Xfla2 appeared to carry the promotor-
proximal portion of the EcoRI-fragmented cheA
gene, and Xfla3 appeared to carry the promotor-
distal fragment. To restore the integrity of the cheA
gene, theEcoRI fragments from Xfla2 and Xfla3 were
moved to XflalA4, which has one EcoRI site adjacent
to the hag gene (Fig. 1).
Examination of the deletion mutants ofa series of

phages (with the relevant fragments of Xfla2 and
Xfia3 transposed to XflalA4) showed that (Fig. 1)
Xfla18 and Xfla42 had acquired the portion of the
cheA gene in the proper orientation. With appropri-
ate deletions, one fragment (from Xfla2) was fused to
the left arm of X and the other fragment (from Xfla3)
was fused to the right arm of X. ByEcoRI restriction
and ligation of a mixture of Xflal8A&2 and Xfla42A13
DNA, a hybrid X was selected that had acquired the
left arm of Xfial8A2 and the right arm of Xfla42Al3
(Fig. 1). This hybrid (Xfla52, Xfla55, Xfla57) now

complemented all the strains carrying cheA defects
(15). Deletions of Xfla52, Xfla55, and Xfta57 were
selected by the method of Parkinson and Husky (8).
Hybrid Xfla3 was unstable, presumably because the
inserted piece of DNA was very large and made
phage assembly difficult. Deletions were readily ob-
tained and they were stable. Single plaques from
Xfla3 were purified and tested, and many of the
deletions were saved.

Genetic tests. The transductional crosses used to
characterize hybrid X carrying flagellar genes have
been described previously (14). Briefly, the hybrid X

was cross-streaked on the surface of a motility agar
plate on tester strains with defined flagellar muta-
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tions. The mutant testor strains were lysogenic for X
to prevent lysis by the transfecting hybrid X. Recom-
binants were recognized as swarms emanating from
the region of infection, and complementation was
recognized by the presence of trails of immotile colo-
nies in the motility agar. The trails resulted from
abortive inheritance ofa complementing gene on the
transducing phage.

Protein synthesis and polyacrylamide gel elec-
trophoresis. Hybrid fla were used to program pro-
tein synthesis in ultraviolet light (UV)-irradiatedE.
coli K-12 159 (X) (obtained from H. Murialdo). The
details ofthe infection and labeling of UV-irradiated
cells with hybrid X and sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis have been described
(13). [35S]methionine with a specific activity of 320
Ci/mmol (New England Nuclear Corp.) was used to
label the protein synthesized in the UV-irradiated
cells infected with hybrid X.

RESULTS
The cheA region. A large number of dele-

tions of Xfla52, X/Za55, and Xfla57 were isolated.
These phages carried the intact "cheA" gene.
They were tested against a variety of mutant
tester strains, and the results are shown in
Table 1. The mutant strains, initially all classi-
fied as belonging to the "cheA" group, appeared
to break down into two distinct groups. Strains
MS5034, MS5033, MS5103, and MS5109 all be-
have as if they were in a single functional unit,
and deletions in the phage show good comple-
mentation or no complementation at all with
these strains. On the other hand, MS5104 ap-
pears to represent another class of mutations. It
shows complementation activity with XflaK7A21
and Xfla42, which do not complement the other
strains. This tester strain, MS5104, defines a
new complementation group cheW. cheW be-
haves as if it were cotranscribed with motA,
motB, and cheA. Thus, for example, MS1513,
which is a strong polar mutation caused by the
insertion of the mu phage genome into the mot
gene, is complemented by lambda phage that
carry the whole operon motA, motB, cheA, and
cheW, e.g., XfZa52 and Xfla52MA. There is no
complementation when cheW is missing, e.g.,
in Xfla52A22. Furthermore, XflaSl, which
has a deletion in the motA gene and therefore
cannot transcribe motA or cheA, also does not
have cheW complementation activity. Al-
though all of these observations can be easily
explained if cheW is part of the Mocha operon,
other observations are not apparently consist-
ent with this notion. For example, Xfla57A&21
and Xfla42 appear to lack the promoter region of
the Mocha operon and yet synthesize cheW ac-
tivity; Xfta3A14 also lacks the Mocha promoter
region and it does not synthesize cheW activity.
The same pattern can be observed in the crosses



shown in Table 2. All of the XfZa42 and Xfla23 moter could fuse the hag promoter to the re-
derivatives lack the promoter regions of the maining genes, and cheW activity could result
Mocha operon, but some are able to synthesize from reading initiated at hag. Xfla3 deriva-
cheW activity. On the other hand, XfAa3 deriva- tives do not have a hag gene adjacent to mot
tives lacking the Mocha promoter cannot syn- and, therefore, promoter deletions result in the
thesize cheW activity. An explanation which is loss ofcheW and cheA activity. This interpreta-
consistent with all of these observations is that tion is consistent with all the data presented in
the mot and che genes do in fact form a cotran- Tables 1 and 2. We conclude that there is a
scribed group; however, Xfla42 derivatives were group of genes that are cotranscribed with the
prepared with the hag gene adjacent to the following order: motA, motB, cheA, and cheW.
Mocha group. Thus, deletions of the Mocha pro- Furthermore, the presence of the hag gene in

TABLE 1. Transductional crosses with hybrid Xfla
Tester strains Xfla and XfZa deletion mutantsa Complementa-

Mutant Allele 2 52 52A1 52A22 57A27 57A5 52A11 52A2 55A1 57A21 42 3A14 tion group
MS5020 797 +r +r +r +r +r +r +r 0 0 0 0 0 MotA
MS5039 483 +r +r +r +r +r +r O 0 Or o 0 0 MotB
MS5034 el4tl or +r +r +r +r Or 0 0 Or 0 0 0 CheA
MS5033 el4ql 0 +r +r +r +r 0 0 0 Or or or Or CheA
MS5103b A104 0 + + + + 0 0 0 0 0 0 0 CheA
MS5109b A131 0 + + + + 0 0 0 0 0 0 0 CheA
MS5104b A11O 0 + + 0 0 0 0 0 0 + + 0 CheW
MS5123b B242 0 + + + 0 + + + + + + + CheX
MS5124b B251 0 + + + 0 + + + + + + + CheX
MS5032 el3pl 0 0 0 0 0 0 0 0 0 0 +r +r CheB
MS5114b B209 0 0 0 0 0 0 0 0 0 0 + + CheB
MS1513b 1513 0 + + 0 0 0 0 0 0 0 0 0 MotA, B

CheA, CheW
a +, Complementation; 0, no complementation. Complementation measured as described in Materials

and Methods. r, Recombination formed.
These strains are RecA. The rest are Rec+.

TABLE 2. Transductional crosses with hybrid Xfla
Tester strains 1fla and Afla deletion mutantsa Comple-
I - ~~~~~~~~~~~~~~~~~~mentationMutant Allele 2 52 42 42A9 23A5 23A6 42A5 3A14 3A261 3M1 3A&231 3A16 328 3A15 3A30 3A11 group

MS5020 797 +r +r 0 0 0 0 0 0 0 0 0 0 0 0 0 0 MotA
MS5039 483 +r +r 0 0 0 0 0 0 0 0 0 0 0 0 0 0 MotB
MS5034 el4tl Or +r 0 0 0 0 0 0 0 0 0 0 0 0 0 0 CheA
MS5033 el4ql 0 +r or 0 0 Or Or Or Or Or Or Or Or Or Or 0 CheA
MS5104b AllO 0 + + 0 0 + + 0 0 0 0 0 0 0 0 0 CheW
MS51235 B242 0 + + + 0 0 0 + + + + + + + + 0 CheX
MS5124b B251 0 + + + 0 0 0 + + + + + + + + 0 CheX
MS5032 el3pl 0 O +r +r +r 0 0 +r +r +r +r +r +r 0 0 Or CheB
MS5114b B209 0 0 + + + 0 0 + + + + + + 0 0 0 CheB
MS5127b B274 0 0 + + + 0 0 + + + + + + 0 0 0 CheB
MS5031 el4nl O 0 +r +r +r +r 0 + + + + 0 0 0 0 Or CheY
MS5115b B221 0 0 + + + + 0 + + + + 0 0 0 0 0 CheY
MS5121b B234 0 0 + + + + 0 + + + + 0 0 0 0 0 CheY
MS5118b B227 0 0 0 0 0 0 0 + + 0 0 0 0 0 0 0 CheZ
MS5119b B229 0 0 0 0 0 0 0 + + 0 0 0 0 0 0 0 CheZ
MS5129b B292 0 0 0 0 0 0 0 + + 0 0 0 0 0 0 0 CheZ
MS5131b Mlbl 0 0 0 0 0 0 0 + + 0 0 0 0 0 0 0 CheZ
MS5015 161 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 +r FlaG
MS5025 616 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 +r FlaH
4S5014 726 0 0 +r 0 O +r +r 0 0 00 0 0 0 0 0 Hag

a +, Complementation; 0, no complementation. Complementation measured as described in Materials
and Methods. r, Recombination formed.

b These strains are RecA. The rest are Rec+.
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the proper orientation can provide promoter
activity for the transcription of genes in this
group when the Mocha promoter is deleted.
The cheB region. Table 1 shows the mutant

strains initially classified as belonging to the
classical cheB gene. They also show differences
in complementation behavior. MS5123 and
MS5124 show patterns of complementation that
are clearly different from those of MS5032 and
MS5114. An extensive survey of XfZa deletions
and mutant tester strains is shown in Table 2.
Four distinct groups can be differentiated. We
have called these cheX, cheB, cheY, and cheZ.
cheX includes the tester strains MS5123 and
MS5124; cheB includes MS5032, MS5114, and
MS5127; cheY includes MS5031, MS5115, and
MS5121; whereas cheZ includes the tester
strains MS5118, MS5119, and MS5129. The
phages XfZa3A14 and Xfla3A26 carry all four of
the activities. These pro3ably represent all of
the genes in this region, since in tests which
involve using Col El-fZa hybrid plasmids that
carry the region (P. Matsumura, M. Silver-
man, and M. Simon, unpublished data) includ-
ing the genes flaG, flaH, and the cheA and mot
genes, no other complementation activities
have been found. On the basis of these results,
as well as previous deletion mapping experi-
ments, the order of the genes in this region is
motA, motB, cheA, cheW, cheX, cheB, cheY,
and cheZ. It is interesting that some of the
phages, e.g., Xfla3A11, appear to carry the cheB
and cheY genes but show no expression in com-
plementation tests. It is possible that there is a
deletion in the cheX gene and that this group
also forms a cotranscribed unit with a promoter
at the cheX end and transcription proceeding
through cheX, cheB, cheY, and finally cheZ.
Three independent mu-induced mutations in
this region were tested. All of them were com-
plemented only by the phages XfZa3A14 and
Xfla3A26, which carried all four genes (e.g.,
MS5131, Table 2). On the other hand, some of
the phages, e.g., Xfla23A5, have cheX deleted
and do express cheB and cheY. Again, one
might argue for an explanation involving fu-
sion to an adjacent promoter. In the Xfla23 and
Xfla42 phages carrying the hag promoter in the
proper orientation, it could be fused to the adja-
cent genes. The results of all of these comple-
mentation tests are shown and the steps in-
volved in deriving the various deleted phages
and newly constructed phages are schemati-
cally presented in Fig. 1.

Identification of gene products. The various
lambda fla derivatives that were characterized
by transductional crosses were tested to deter-
mine the polypeptides coded for by each of
them. Figure 2 shows that the genetic activities
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can be accounted for by polypeptide bands on
the acrylamide gels. Thus, motA gene activity
corresponds to the capacity to direct the synthe-
sis of a polypeptide that has an apparent molec-
ular weight of 31,000. motB programs a 39,000-
molecular-weight polypeptide, whereas cheA
directs the synthesis of two polypeptides, one
with an apparent molecular weight of 76,000
and another with an apparent molecular
weight of 66,000. Finally, cheW is responsible
for the synthesis of a polypeptide with an ap-
parent molecular weight of 12,000. The 76,000-
and 66,000-molecular-weight polypeptides that
are derived from cheA are coded for by a single
gene: one may be derived from the other by
processing or they may be read from different
starting points, in the same gene (15). A band
with an apparent molecular weight of 28,000
appears to correspond to the cheX activity. It is
present in XfZa42, Xfla57A21, Xfla52A2, Xfla52-
All, and Xfla57A5, but not in Xfla57A27. Fur-
thermore, a band with a molecular weight of
12,000 corresponds to the presence of the cheW
activity. It appears in Xfla42, XfZa57A21, Af7a52,
and Xfla52MA. Finally, Xf7a42, which also car-
ries cheY activity and cheB activity, shows two
additional bands, one with a molecular weight
of approximately 38,000 and another with a
molecular weight of around 8,000. The assign-
ment of the complementation activities to spe-
cific polypeptide bands is seen even more
clearly in Fig. 3. Xfla3A30 carries the cheX gene
activity and also has a 28,000-molecular-weight
polypeptide. Again, the cheB activity corre-
sponds to the 38,000-molecular-weight polypep-
tide found with Xfla3A28, Xfla3A23, and
XfZa3M 14. cheY corresponds to a polypeptide
with an apparent molecular weight around
8,000, which is very intense and forms a band
that is not as distinct as the other polypeptides.
Finally, cheZ corresponds to the polypeptide
with a molecular weight of around 24,000.
X17a3A23 also makes a polypeptide whose mo-
lecular weight is close to that of the cheZ gene
product. However, using a gel that is capable of
yielding better resolution (Fig. 3B, a 5 to 15%
gradient of acrylamide and a 23-cm gel), it is
quite clear that these are two different polypep-
tides. The cheZ gene product is unique and is
found in Xfla3l14.
The cheM gene product. The genetic activity

of the different viruses correlates with the ap-
pearance and disappearance of the various
bands. However, there is a set of intense bands
that does not apparently correspond to a spe-
cific gene activity. The bands are seen clearly,
e.g., in the polypeptide pattern obtained from
Xfla57A21 (Fig. 2) and with Xfla3A30, Xfla3A28,
Xfla3A23, Xfta3M14, Xfla42A5, XfZa23A6, and
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FIG. 2. Specific protein synthesis directed by hybrid lambda carrying Mocha genes in UV-irradiated
bacteria. In control experiments using an E. coli K-12 159 (X) carrying the flaI mutation, the flagella-specific
polypeptides were not observed. Polypeptides had molecular weights of (a) 76,000, (b) 66,000, (c) 61,000, (d)
54,000, (e) 41,000, (f) 39,000, (g) 38,000, (h) 31,000, (i) 28,000, (k) 12,000, and (1) 8,000. Gels: (1) Xfla52
(motA motB cheA cheW cheX), (2) Xfla52A1 (motA motB cheA cheW cheX), (3) Xfla52A22 (motA motB cheA
cheX), (4) Xfla57A27 (motA motB cheA), (5) Xfla57lA5 (motA motB cheX), (6) Xfla52AU1 (motA cheX), (7)
Xfla52A2 (cheX), (8) Xfla57A21 (cheW cheX), (9) Xfla42 (hag cheW cheX cheB cheY).

Xfla42 (Fig. 3). This banding pattern has been
described before (16) and has been referred to as
the triplet band pattern. It appears to corre-
spond to the properties on acrylamide gels of
the methyl-accepting chemotaxis protein (MCP)
described by Kort et al. (6). Both MCP and
triplet are localized in the cell membrane. The
region of the E. coli genome that programs the
synthesis of this group of polypeptides (cheM)
has been mapped by examining the protein
synthesis directed by deletion mutants of hy-
brid lambda phages. It is located between
cheW and cheX. Thus, for example, Xfla52Al
lacks this band, whereas other Xfla52 deriva-
tives have it. XfZa52Al carries a small deletion
that has been shown by heteroduplex mapping
to occur in the region of DNA between the
classical "cheA" and "cheB" genes (15). Fur-
thermore, the positions ofthe deletions deduced
from the complementation tests are consistent
with the notion that the ability to direct "tri-
plet" synthesis maps between cheW and cheX
(Fig. 2 and 3). All of the "cheA" and "cheB"
tester strains were examined by transductional
crosses with lambda phages that carried the

cheM region and phages that did not carry the
region. The cheM region showed no specific
complementation effect with any of these
strains.

Figure 4 summarizes the information that we
have on the genetic basis of flagellar structure
and function. A contiguous region of the ge-
nome carries the motA, motB, cheA, and cheW
genes. The cheW gene is followed by cheM,
which is not included in the Mocha operon.
cheM is next to another group of genes, cheX,
cheB, cheY, and cheZ. These are followed by
the flaG and the flaH genes.

DISCUSSION
The data indicate that there are at least six

genes that make up the regions previous
termed "cheA" and "cheB" in E. coli. The ge-
netic arrangement may be similar to the ar-

rangement in the homologous region in Salmo-
nella (18).

In E. coli the classical cheA gene can be
resolved into cheA and cheW. The cheB gene is
resolved into cheX, cheB, cheY, and cheZ. cheA
and cheW are cotranscribed with mot, and the

b -+-~
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FIG. 3. Protein synthesis directed by hybrid lambda carrying chemotaxis genes. Gels: (1) Xfla42 (hag cheW
cheX cheB cheY), (2) Xfla42A9 (cheX cheB cheY), (3) Xfla23A5 (cheB cheY), (4) Xfla23A6 (hag cheW cheY),
(5) Xfla42A5 (hag cheW), (6) Xfla3Al4 (cheX cheB cheY cheZ), (7) Xfla3A23 (cheX cheB cheY), (8) Xfla3A28
(cheX cheB), (9) Xfla3SA30 (cheX). (A) Results ofa 12% acrylamide-sodium dodecyl sulfate gel. The letters on
the left side refer to the same molecular weights as in Fig. 2 with the addition of (j) 24,000. (B) The same

samples as in (A), except that they were run on a 5 to 15% gradient gel.
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FIG. 4. Summary ofthe disposition of the genes controlling flagellar structure and function on the E. coli

genome.

cheA gene directs the synthesis oftwo products
of molecular weight 76,000 and 66,000, whereas
cheW directs the synthesis of a 12,000-molecu-
lar-weight polypeptide. It is interesting that
the cheA, cheW, and mot gene products are in
the same cotranscribed unit. There may be
some direct interaction among these products,
and cotranscription would maintain the rela-
tive amounts of the proteins at the same level.

The products of the cheB region, i.e., the poly-
peptides corresponding to cheX, cheB, cheY,
and cheZ, may also be part of the same cotran-
scribed unit. However, the evidence thus far
does not exclude the possibility of separate
transcription of each of these genes.

All of the genes that we have cloned onto
lambda and tested for protein synthesis require
the presence of an intact ftlaI gene, either cis or
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trans, (12) for expression. Thus, the initiation
of synthesis of these polypeptides probably in-
volves a specific cytoplasmic signal and an ap-
propriate operator region at the beginning of
each of the cotranscribed units that binds the
regulatory protein. Each gene grouping may
require the presence of the flaI gene product,
or this product may stimulate the synthesis of
other regulatory polypeptides and groups of
genes could be turned on sequentially. In any
event, different groups of genes synthesize dif-
ferent levels of protein in the X-infected sys-
tem. The mot and che genes make levels of
protein that are easily detectable, whereas
flaI and some of the other fta genes do not
make detectable products. The fla genes can be
shown to be functional when they are intro-
duced into UV-irradiated cells (14), since they
lead to flagellar synthesis. We have not yet
found polypeptides that correspond to flal,
flaG, or flaH. It may be possible to increase
the levels of these gene products by fusing
them to the appropriate outside promoters.
On the basis of the behavior of the deleted X

phages in directing protein synthesis, we have
been able to assign the region of the DNA be-
tween cheW and cheX to cheM. However, thus
far, no mutants have been found to map in
cheM. The "triplet" protein, which is specified
by this region, is a major component of the
inner membrane ofthe cell, and it appears to be
the same as the MCP described by Kort et al.
(16). The deleted lambdas may be used to pre-
pare strains that carry deletions of cheM. The
characteristics of such strains may reveal the
role that the cheM gene plays in the mecha-
nism of chemotaxis.
The X hybrid phages have allowed us to de-

fine the products of the genes that control flag-
ellar structure and function. Some of these
products, e.g., motA, motB, and cheM (14, 16)
are integral membrane proteins. Others appear
to be in the cytoplasm but may be transiently
associated with the plasma membrane (H.
Ridgway, M. Silvernan, and M. Simon, unpub-
lished observations). The assembly and func-
tion of the flagellar organelle involves compo-
nents associated with all of the compartments
of the cell. The further description of the mech-
anisms involved in the interaction of these
polypeptides and their products will give us
insight into how they function to make the cells
motile and chemotactic.
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